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Simulated annealing methods have been used with the effective fragment potential to locate the
lowest energy structures for the water clusters (H2O)n with n56, 8, 10, 12, 14, 16, 18, and 20. The
most successful method uses a local minimization on each Monte Carlo step. The effective fragment
potential method yielded interaction energies in excellent agreement with those calculated at the ab
initio Hartree–Fock level and was quite successful at predicting the same energy ordering as the
higher-level perturbation theory and coupled cluster methods. Analysis of the molecular interaction
energies in terms of its electrostatic, polarization, and exchange-repulsion/charge-transfer
components reveals that the electrostatic contribution is the dominant term in determining the
energy ordering of the minima on the (H2O)n potential energy surfaces, but that differences in the
polarization and repulsion components can be important in some cases. © 2000 American Institute
of Physics. @S0021-9606~00!30504-9#
I. INTRODUCTION
The effective fragment potential ~EFP!1,2 was developed
to simulate the effects of discrete solvent molecules in ab
initio calculations. The method has been shown to give very
accurate results for systems involving up to eight solvent
molecules3,4 and to give at least qualitatively correct results
for larger solvated systems.5 For larger systems, location of
the global minimum energy geometry for a solute–solvent
system is a difficult problem due to the existence of many
local minima on the potential energy surface. We have there-
fore developed Monte Carlo methods in order to pursue this
global optimization problem and have combined them with
simulated annealing.6
In Monte Carlo methods, one or more of the molecular
coordinates are displaced by a random amount, and the en-
ergy of the system is evaluated at the new geometry. The
new geometry is always accepted if it is lower in energy,
while geometries with higher energies are accepted at a prob-
ability determined by the Boltzmann factor at a selected tem-
perature. Thus, geometries with much higher energies than
the previous geometry have a lower probability of being ac-
cepted, while energies only slightly higher have a higher
probability of acceptance. In simulated annealing, a series of
Monte Carlo simulations are carried out at successively de-
creasing temperatures. Higher initial temperatures allow for
full exploration of the potential energy surface, while gradu-
ally decreasing the temperature facilitates the approach to a
low-energy minimum.
The Monte Carlo based simulated annealing procedures
that have been tested are based on those of Parks,7
Metropolis,8 and Li and Scheraga.9 In the method of Parks,7
all the variables ~coordinates! are displaced simultaneously,
and the energy is evaluated at this new geometry. The maxi-
mum step size is an important parameter in determining how
aggressively the algorithm will search the potential energy
surface, and the Parks method uses a sophisticated method to
update the maximum step size of each variable individually
based on the size of previously successful steps. In the
Metropolis8 method, only one variable is changed on each
step. The maximum step size can be updated during the
search to aim for a desired acceptance ratio. Too high of an
acceptance ratio means that a more aggressive step size can
be used to explore more fully the potential energy surface,
while too low of an acceptance ratio indicates that the step
size should be decreased so that the algorithm can spend less
time evaluating high-energy geometries and more time ex-
ploring the more important low-energy parts of the potential
energy surface. Li and Scheraga9 combined the Metropolis
method with local minimization after each step. This effec-
tively reduces the search space to the set of local minima and
is sometimes called ‘‘basin hopping’’ since each step is to
the bottom of a well or basin on the potential energy surface.
Understanding the intermolecular interactions in water is
of great interest due to its importance in biological systems
and as a solvent in synthesis and separation processes. Fur-
thermore, the understanding of water clusters is a key step in
linking molecular properties to bulk behavior. A number of
computational studies claim to have found the global minima
for various water clusters using a variety of potential energy
functions10–17 including empirical, semiempirical, ab initio
Hartree–Fock and MP2, and density functional theory. In-a!Electronic mail: daypn@biotech.ml.wpafb.af.mil
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deed, the recent study by Wales and Hodges11 claims to have
found the global minima for all water clusters up to size 21
on the empirical TIP4P18,19 potential energy surface.
In this study, we test both the ability of the EFP to simu-
late accurately intermolecular interactions and the capabili-
ties of the simulated annealing methods to locate success-
fully the global minimum. While our main goal is the
development of a robust method for handling large solvated
systems with the EFP, we also hope to contribute insight into
water clusters and their energy minima.
II. METHODS
Simulated annealing ~SA! methods were tested by start-
ing from at least four random geometries for each cluster
size. Random geometries were obtained by carrying out
Monte Carlo steps at a high temperature ~25 000 K! for
greater than 1000 steps. To prevent the clusters from dissi-
pating at high temperatures, the simulations were constrained
to a cube of reasonable size for the given cluster. If a step
took a molecule beyond a boundary of this cube, the mol-
ecule re-entered on the opposite side of the cube, a simple
form of periodic boundary conditions. The cube size was
chosen so as not to overly constrain the search but just pre-
vent the molecules from wandering out of interaction range.
The cube side-length used varied from 5.7 Å for the six-
molecule clusters to 13.2 Å for the twenty-molecule clusters.
Since overly compressed geometries cause problems in con-
verging the self-consistent polarizabilities in the EFP, geom-
etries were discarded if two atoms from different molecules
were separated by less than 1.3 Å. While the lowest energy
geometries for most cluster sizes could be obtained more
easily through local optimizations from previously reported
minimum energy configurations, random starting geometries
were used to test the feasibility of the SA method in locating
global minima.
The first SA method tested, based on the procedure of
Parks,7 involved moving all fragments on each step and up-
dating the maximum step size for each fragment coordinate
individually based on its size in a previous successful step.
While this method worked reasonably well at locating the
global energy minima for small water clusters ~with success
rates of 100% for the trimer, 62% for the tetramer, and 39%
for the pentamer!, for larger systems its success rate was low.
The Parks method was intended for use with problems in
which all the variables are independent; this is not the case
for molecular clusters.
The Metropolis8 method, in which only one fragment
was moved on each step, was significantly more robust than
the Parks method at locating low-energy conformations.
Monte Carlo with the minimization method of Li and
Scheraga9 was implemented in a manner similar to that of
Wales and Hodges11 and was more successful than the basic
Metropolis method. In this method, translational steps and
rotational steps were separated, so that each step now in-
volved only translation or rotation of a single fragment. Fol-
lowing Wales and Hodges, blocks of translational steps were
carried out followed by blocks of rotational steps.
The effective fragment potential ~EFP! method1–3 ex-
presses the energy as the sum of Coulomb ~electrostatic!,
polarization, and exchange-repulsion/charge-transfer terms,
EEFP5ECoul1EPOL1EREP .
ECoul is represented by a distributed multipole expansion,
and the atom centers and bond midpoints were chosen as the
expansion points. EPOL is expressed in terms of localized
orbital polarizability tensors centered at their centroids,
while EREP is determined by a fitting procedure.3
The minima found by the SA algorithm were confirmed
by carrying out Hessian calculations at the EFP level of
theory and verifying that there were no imaginary vibrational
frequencies. Full ab initio calculations, all using the polar-
ized double-zeta basis set of Dunning and Hay20 @DH(d ,p)# ,
were carried out on the configurations found to be minima on
the EFP. This basis set was chosen since it was used in the
parametrization of the EFP. For all the water cluster sizes
reported here ~6, 8, 10, 12, 14, 16, 18, and 20!, restricted-
spin Hartree–Fock ~RHF! geometry optimizations were car-
ried out, and single point energies were calculated with
Møller–Plesset second-order perturbation theory ~MP2!21,22
at the RHF geometries. Hessian calculations were carried out
for the hexamers and octamers at the RHF level of theory to
confirm that all the structures were minima. For the water
hexamer, geometry optimizations were also carried out at the
MP2 level, and single-point coupled-cluster @CCSD~T!#23–26
energies were obtained at the MP2 geometries. All calcula-
tions were carried out with the GAMESS27 program except for
the CCSD~T! energies, which were calculated with the ACES
II28 program using the D95*29 basis set.
III. RESULTS: HEXAMER
The energies and dipole moments for six minima on the
potential energy surface of ~H2O!6 are given in Table I.
These structures, shown in Fig. 1, have been given
previously30–32 as the likely candidates for the equilibrium
structure. These structures have been optimized at the EFP,
Hartree–Fock, and MP2 levels, and the corresponding inter-
action energies are reported. MP2 energies calculated at the
Hartree–Fock optimized geometries ~MP2//RHF! and
CCSD~T! energies calculated at the MP2 optimized geom-
etries @CCSD~T!//MP2# are also listed. These energies are
compared to the empirical potential results of Masella and
Flament30 and Wales and Hodges,11 as well as to the ab
initio results of Tsai and Jordan,33 Mhin et al.,34 Pedulla,
Kim, and Jordan,35 and Kim and Kim.32
The global minimum for the hexamer is still a subject of
some debate, since four of the six configurations are pre-
dicted to be the global minimum by one or more levels of
theory. However, it seems likely that the global minimum is
either the cage structure, as was found both by Tsai and
Jordan33 and by Wales and Hodges11 at the TIP4P level; or
the prism structure, which is the minimum in all four previ-
ous studies that used the MP2 level of theory.32–35 We find
the prism to be the global minimum in our EFP calculations
as well as at the MP2 and CCSD~T! levels of theory. In fact,
the predicted energy ordering of the six structures is the same
at the EFP, MP2, and CCSD~T! levels of theory. However,
all of these minima tend to be close in energy, and only two
structures, the bag and the boat, are clearly not the global
2064 J. Chem. Phys., Vol. 112, No. 5, 1 February 2000 Day et al.
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minimum. For example, at the Hartree–Fock level of theory,
the cyclic structure is the global minimum, while the EFP,
which has been designed to mimic the Hartree–Fock inter-
action energy, predicts the minimum to be the prism.
For all of the hexamer structures, the EFP method un-
derestimates the attractive interaction ~in comparison to
Hartree–Fock theory! to some degree. The agreement is
quite good for the prism, cage, book, and bag structures; the
underestimation of the interaction is 0.4, 0.6, 1.0, and 1.0
kcal/mol respectively. For the cyclic and boat structures, the
difference is 2.0 kcal/mol for each. Our MP2 and CCSD~T!
results indicate that the prism is the lowest energy structure
on the potential energy surface by 0.7–0.8 kcal/mol relative
to the next lowest energy structure ~the cage!. This value
drops to 0.3 kcal/mol when corrected for zero-point vibra-
tional energy. The CCSD~T! binding energies are consis-
tently about 3 kcal/mol smaller than those predicted by MP2,
but the relative energies predicted by the two methods are
quite similar. Recent results32,35 suggest, however, that the
prism and cage structures are nearly isoenergetic, and that
when the energies are corrected for zero-point vibrational
energy, the cage is found to be the most stable structure.
Vibrational–rotational spectra31 have also found the cage to
be the most stable form of the hexamer.
Table I also lists the dipole moments for the water hex-
amer structures calculated at the RHF and MP2 levels of
theory. The experimental dipole moment, measured by Liu,
Brown, and Saykally,36 is also given for comparison. The
MP2 dipole moments tend to be larger than those found at
the RHF level. This is due to the MP2 optimized geometries
being more compact ~attractive dispersion forces are in-
cluded in MP2 but not in RHF!, resulting in greater polar-
ization. In fact, the RHF dipole moments calculated at the
MP2 optimized geometries ~RHF//MP2! are even larger than
TABLE I. Binding energies @in kcal/mol of ~H2O!6#, contributions to the EFP, relative energies, and dipole
moments ~m, in D! for ~H2O!6. @EFP: Effective fragment potential; RHF: restricted-spin Hartree–Fock with
DH(d ,p)—Ref. 20 basis set; MP2//RHF: MP2—Refs. 21 and 22—single-point energies using DH(d ,p) basis
at RHF/DH(d ,p) optimized geometries; MP2//MP2: optimized at MP2 level using DH(d ,p) basis; CCSD~T!//
MP2; coupled cluster energies at MP2 optimized geometry.#
Binding
energies Prism Cage Book Bag Cyclic Boat
TCPEa 247.80 247.90 248.89 248.55 247.87
TIP4Pb 247.27
EFP 242.42 241.90 241.45 240.61 241.14 240.09
RHF 242.86 242.49 242.44 241.58 243.10 242.12
MP2//RHF 255.86 255.06 254.13 253.27 253.75 252.36
MP2//MP2 258.25 257.52 256.49 255.65 255.75 254.29
CCSD~T!//MP2 255.10 254.30 253.10 252.20 252.20 250.80
MP2c 254.09 253.88 253.98 253.53 252.24
MP2d 251.42 249.50
MP2e 247.64 247.62 246.34
MP2f 246.61 246.49 246.13 245.54 245.23
No. H bonds 9 8 7 7 6 6
Electrostatic 255.76 255.33 254.67 253.46 253.47 251.77
Repulsion 22.77 23.08 23.77 23.41 23.83 22.66
Polarization 29.44 29.65 210.55 210.57 211.51 210.99
Per hydrogen bond
Energy ~EFP! 24.71 25.24 25.92 25.80 26.86 26.68
Electrostatic 26.20 26.92 27.81 27.64 28.91 28.63
Repulsion 2.53 2.88 3.40 3.34 3.97 3.78
Polarization 21.05 21.21 21.51 21.51 21.92 21.83
Relative energies
EFP 0.00 0.52 0.98 1.81 1.28 2.33
RHF 0.00 0.37 0.42 1.29 20.24 0.75
MP2//RHF 0.00 0.81 1.74 2.60 2.11 3.50
MP2//MP2 0.00 0.73 1.75 2.60 2.49 3.95
CCSD~T!//MP2 0.00 0.80 2.00 2.90 2.90 4.30
Dipole moments
m ~RHF! 2.90 1.97 2.63 4.68 0.01 0.11
m ~MP2! 2.90 2.19 2.77 4.87 0.00 0.97
m ~measured!g 1.82–2.07
aReference 30.
bReference 11.
cReference 33.
dReference 34.
eReference 35.
fReference 32 with HZ4P(2 f g ,2d)11 basis.
gReference 36.
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those obtained for RHF//RHF or MP2//MP2. The calculated
dipole moment for the cage geometry is in good agreement
with the experimental result. The prism, book, and bag struc-
tures all have significantly larger dipole moments, and the
cyclic and boat structures have significantly smaller ones.
The number of hydrogen bonds for each hexamer and
the EFP electrostatics, repulsion, and polarization energies
~total and per H bond! are given in Table I. While the three-
dimensional ~3D! prism and cage structures have more H
bonds, these bonds are weakened relative to those in the
more two-dimensional ~2D! cyclic and boat structures due to
a distortion from the preferred linear orientation. The 2D
structures have fewer H bonds but these bonds are less dis-
torted and thus shorter and stronger. The book and bag struc-
tures have intermediate numbers of H bonds and moderate
degrees of H-bond distortion. Competition between these
two factors results in the six structures having similar ener-
gies. This trade-off is unique to the water hexamer. For
smaller clusters, the H-bond distortion is too large in 3D
structures, and thus the cyclic structures are lowest in energy.
For larger clusters, the global minima are clearly 3D struc-
tures.
The stronger H bonds in the cyclic and boat structures
have larger average components of electrostatic, repulsion,
and polarization than their weaker counterparts in the prism
and cage structures, but the total electrostatic interaction is
greater in the 3D prism and cage structures due to their
greater numbers of H bonds. The molecules in the cyclic,
boat, and book structures are so much more polarized than
those in the 3D prism and cage structures that the total po-
larization energies in these three clusters are greater despite
having fewer H bonds. As a result, the combined electro-
static plus polarization interactions are nearly equivalent for
the prism, cage, book, and cyclic structures. Larger repulsion
energies for the book and cyclic structures lead to the pre-
dicted energy ordering.
The SA method was carried out from four random start-
ing geometries. Two runs were performed from each of the
initial geometries for a total of eight simulations. In each of
the eight runs, the lowest energy structure found was the
prism structure. The prism structure was also the final struc-
ture in seven of the eight simulations, the cage being the
other final structure. These SA results contrast with those of
Wales and Hodges,11 who found the global minimum to be
the cage. While the SA method used in that study is very
similar to the one used here, Wales and Hodges used the
TIP4P potential while we used the EFP. While the cage
structure may be the global minimum at the TIP4P level of
theory, the higher level calculations carried out here @MP2
and CCSD~T!# indicate that the structure found using the
EFP SA, the prism, is the global minimum.
A. n58,10,12
The interaction energies for the ~H2O!8, ~H2O!10, and
~H2O!12 systems are given in Tables II, III, and IV, respec-
tively, and the corresponding structures are given in Figs. 2,
3, and 4. Tables II–IV also list the number of H bonds in
each structure and the EFP interaction components. For the
eight-water cluster at the TIP4P level of theory, Tsai and
Jordan10 showed that the lowest energy structures are cubic,
and their eight lowest-energy structures, as well as their low-
FIG. 1. Minimum energy structures of ~H2O!6.
TABLE II. Binding energies @in kcal/mol of ~H2O!8#, and the contributions to the EFP: electrostatics ~ES!,
repulsion ~REP!, and polarization ~POL!.
~H2O!8 TIP4Pa TIP4Pb EFP RHF MP2 No. H bonds ES REP POL
D2d 273.03 266.32 266.65 287.01 12 288.61 39.21 216.92
S4 273.05 273.02 266.25 266.58 286.94 12 288.70 39.48 217.03
Ci 271.21 264.01 263.96 283.63 12 284.94 37.08 216.15
C2 271.18 263.94 263.97 283.71 12 285.24 37.27 215.98
Cs 270.33 263.22 263.07 282.57 12 284.08 36.87 216.01
C1a 270.66 263.14 263.05 282.36 12 283.52 35.86 215.48
C1c 270.56 263.11 263.08 282.51 12 283.98 36.43 215.55
C1b 270.63 263.10 263.06 282.43 12 283.74 35.97 215.33
L1 269.35 262.15 262.51 281.12 11
L2 261.97 262.40 280.86 12
aReference 10.
bReference 11.
2066 J. Chem. Phys., Vol. 112, No. 5, 1 February 2000 Day et al.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:24:03
est energy noncubic structure (L1) and another low-energy
noncubic structure found in this study (L2) are included in
Table II. Tsai and Jordan found that the highest symmetry
structures, D2d and S4 , were nearly isoenergetic with ener-
gies nearly 2 kcal/mol lower than the next lowest energy
structures. The S4 structure was found to be a scant 0.02
kcal/mol lower in energy than the D2d structure. The study
by Wales and Hodges11 agreed with this result, predicting the
S4 structure to be the global minimum. At the EFP, RHF,
and MP2 levels of theory, the above two structures are also
nearly isoenergetic with the D2d structure being lower in
energy by 0.07 kcal/mol at each level of theory. Sadlej
et al.17 also found the D2d structure to be lower in energy
than the S4 structure by about 0.2 kcal/mol at both the RHF
and MP2 levels of theory. The agreement between the EFP
and RHF binding energies is very good for these structures
~EFP lower by 0.3 kcal/mol! and for the two noncubic struc-
tures ~EFP lower by 0.4 kcal/mol! and is excellent for the
other six cubic structures ~within 0.15 kcal/mol!. The EFP
method reproduces the MP2 energy ordering of the isomers
quite well.
In evaluating the global optimization methods for
~H2O!8, a simulation was considered ‘‘successful’’ if it lo-
cated either the D2d or S4 structure. A large number of SA
runs were carried out on this system using all three methods
outlined in Sec. II. Success rates of 6%, 9%, and 90% were
found for the methods of Parks,7 Metropolis,8 and Li and
Sherega,9 respectively.
Since all of the cubic minima for ~H2O!8 have twelve H
bonds, the electrostatic, repulsion, and polarization contribu-
tions can be directly compared ~see Table II!. The two most
symmetrical structures ~D2d and S4! have the lowest energy.
The structures Ci and C2 are about 2.3 kcal/mol higher in
energy at the EFP level, and the other four cubic structures
have an energy 3.1–3.2 kcal/mol higher than the minimum
energy structure (D2d). The D2d and S4 have all ‘‘free’’
hydrogens ~i.e., not involved in an H bond! on nonadjacent
water molecules. This maximizes the distance between them
and allows for greater electrostatic stabilization. This electro-
static attraction leads to shorter and stronger H bonds. The
closer proximity of the molecules in these structures leads to
greater polarization and thus increased stabilization as well
as increased orbital overlap, and hence larger exchange re-
pulsion. Although this increase in repulsion partially offsets
the increased stabilization, the importance of electrostatics in
the higher symmetry structures results in their greater stabil-
ity.
Wales and Hodges11 found a configuration with two par-
allel pentagons, labeled as ‘‘prism5b’’ in Fig. 3 and Table
III, as the global minimum for ~H2O!10. Another structure
with two parallel pentagons, labeled as ‘‘prism5a,’’ has been
found in this study to be the lowest energy structure for this
system, but the ‘‘prism5b’’ structure is nearly isoenergetic,
being only 0.1 kcal/mol higher at the EFP and RHF levels of
theory and only 0.02 kcal/mol higher at the MP2 level. Sa-
dlej et al.17 also found the prism5a structure, which they la-
beled Dopp , to be the global minimum, while they found
structure prism5b, labeled Dsame , to be 0.2 and 0.3 kcal/mol
higher in energy at the RHF and MP2 levels of theory, re-
spectively. We found that at all three levels of theory ~EFP,
TABLE III. Binding energies @in kcal/mol of ~H2O!10#, and the contributions to the EFP: electrostatics ~ES!,
repulsion ~REP!, and polarization ~POL!.
~H2O!10 TIP4Pa EFP RHF MP2 No. H bonds ES REP POL
Prism 5a 285.56 285.69 2111.26 15 2113.23 50.95 223.27
Prism 5b 293.46 285.43 285.59 2111.24 15 2113.15 51.05 223.33
Prismx 283.38 283.95 2109.02 14 2110.72 49.82 222.48
Cube 282.78 283.30 2109.05 15 2110.81 49.37 221.34
Cube 2 279.05 278.90 2102.76 14 2103.86 44.74 219.93
aReference 11.
TABLE IV. Binding energies @in kcal/mol of ~H2O!12#, and the contributions to the EFP: electrostatics ~ES!,
repulsion ~REP!, and polarization ~POL!.
~H2O!12 TIP4Pa TIP4Pb EFP RHF MP2 No. H bonds ES REP POL
(D2d)2 2117.85 2106.81 2106.55 2139.87 20 2140.77 61.57 227.61
(D2d)(S4) 2117.86 2106.63 2106.35 2139.61 20 2140.59 61.55 227.59
(S4)2 2117.86 2117.81 2106.50 2106.15 2139.35 20 2140.41 61.48 227.57
D3 2114.20 2105.60 2105.91 2137.02 18 2138.82 62.67 229.45
(C1c)(Cs) 2117.07 2105.38 2104.77 2137.43 20 2137.89 59.62 227.11
(D2d)(C2) 2105.29 2104.58 2137.25 20 2138.01 59.60 226.88
S6 2114.21 2105.27 2105.69 2136.86 18 2138.66 62.72 229.33
Cage a 2104.97 2105.30 2136.61 18 2139.24 63.83 229.57
Cage b 2104.99 2105.21 2136.51 18 2139.51 63.93 229.39
(C1c)(C1c) 2104.96 2104.37 2137.07 20 2137.70 59.55 226.81
Cage 1 2114.61
Cage 2 2114.52
aReference 10.
bReference 11.
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RHF, and MP2! these two structures are about 2 kcal/mol
lower in energy than the minima labeled ‘‘prismx’’ and
‘‘cube’’ and over 6 kcal/mol lower than the structure labeled
‘‘cube2.’’ A number of other higher energy local minima
were found for this system when the standard Metropolis SA
method was being tested. This method had no success in
locating either of the two lowest energy minima. However,
in six simulations using Monte Carlo with minimization, the
prism5b structure was found four times, and the prism5a
structure was found in the other two simulations, a 100%
success rate. The EFP interaction energy is in excellent
agreement ~60.2 kcal/mol! with the RHF results for the two
lowest energy structures as well as for the higher energy
cube2 structure. The agreement is also very good for the
other two structures where the EFP underestimates the inter-
action by about 0.5 kcal/mol. The overall trend predicted by
MP2 is similar to those found using the EFP and RHF meth-
ods.
The higher symmetry of the prism5a and prism5b struc-
tures results in greater electrostatic stabilization for these
structures relative to the other three minima. Electrostatics
tends to favor linear H bonds, and thus the more cubelike
geometries ~prismx, cube, and cube2! have less electrostatic
stabilization than the parallel pentagons in prism5a and
prism5b. As in the ~H2O!8 system, the shorter H bonds in the
FIG. 2. Minimum energy structures of ~H2O!8.
FIG. 3. Minimum energy structures of ~H2O!10.
FIG. 4. Minimum energy structures of ~H2O!12.
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more stabilized structures increase the magnitudes of both
the polarization and repulsion terms, but the net result is that
the structures with the most electrostatic stabilization are
lowest in energy.
The lowest energy minima found for ~H2O!12 are shown
in Fig. 4, and their energies are given in Table IV. For this
system, Tsai and Jordan10 found three nearly isoenergetic
fused cube structures $(D2d)2 , (D2d)(S4), and (S4)2% to be
the lowest energy structures. Wales and Hodges11 were in
agreement with this, finding the (S4)2 structure to be the
global minimum. Tsai and Jordan found another fused cube
structure, (C1c)(Cs), with an energy about 0.8 kcal/mol
higher, as well as four other minima with energies more than
3 kcal/mol above the global minimum. Our EFP, RHF, and
MP2 calculations also predict the energies of the (D2d)2 ,
(D2d)(S4), and (S4)2 structures to be the lowest, all within
0.5 kcal/mol. The next lowest energy structure, (C1c)(Cs),
is 1.4 ~EFP!, 1.8 ~RHF!, and 2.4 ~MP2! kcal/mol higher in
energy. Two more fused cube structures, (D2d)(C2) and
(C1c)2 , are slightly higher in energy than (C1c)(Cs). We
also found the S6 and D3 structures listed by Tsai and
Jordan.10 Two low energy cage structures were found which
were not previously reported, so they have been labeled
‘‘cage a’’ and ‘‘cage b.’’ Once again, the EFP interaction
energies agree very well with the RHF ones and reproduce
the MP2 trends.
The searches for minima for the clusters of size 12 and
larger were limited to the more successful Monte Carlo with
minimization or basin-hopping method. For the ~H2O!12 sys-
tem, simulations with 600 trial steps at each of 35 tempera-
tures over a range 300–50 K~21 000 total trial steps! were
carried out. Of the sixteen simulations from four starting
geometries, seven simulations located one of the three low
energy structures, a 43.8% success rate. Two of these
minima ~12.5%! were the (D2d)2 structure, one ~6.3%! the
(S4)(D2d) structure, and four ~25%! the (S4)2 structure. Of
the other nine simulations, six ~37.5%! found the fused cube
(C1c)(Cs) structure and three ~18.8%! cage b.
The energy decomposition for the ~H2O!12 system sug-
gests a comparison between the six fused-cube structures
with twenty H bonds, and the four single-prism structures
with eighteen H bonds. The H bonds in the fused-cube struc-
tures are more strained and thus have less electrostatic stabi-
lization. The associated electrostatic stabilization of the
fused-cube structures is dependent upon the symmetry of the
cubes. This in turn helps to explain their energy ordering: the
three most symmetrical $(D2d)2 , (D2d)(S4), and $(S4)2% are
lowest in energy; the two less symmetrical $(C1c)(Cs) and
(D2d)(C2)% are slightly higher in energy; and the least sym-
metrical is highest in energy. The single-prism structures
have larger contributions from the repulsive and polarization
terms due to the closer proximity of the molecules in these
structures. The two cage structures have the fourth and fifth
highest electrostatic stabilization and the two greatest stabi-
lizations due to polarization but also the largest repulsive
terms. Indeed, the sum of these stabilizing interactions ~elec-
trostatic and polarization! is the largest of any of the ~H2O!12
structures, but when repulsion is included, they are only the
eighth and ninth lowest in energy. The two most symmetrical
single-prism structures, D3 and S6 , also have large polariza-
tion and repulsion contributions, but their repulsions are not
as large as in the cage structures. As a result, the D3 structure
has the fourth lowest energy, while the S6 structure has the
seventh lowest energy, the latter being nearly isoenergetic
with (D2d)(C2) at the EFP level of theory.
B. n514,16,18, 20
Figures 5–8 show the largest clusters studied here, and
their energetics are listed in Tables V–VIII. For ~H2O!14,
Wales and Hodges11 found a minimum-energy configuration
resembling a ‘‘two-story’’ house, consisting of a pentagonal
prism on top of a cube. By using simulated annealing we
have found ten other unique conformers with this same basic
structure ~Fig. 5!. Each of these configurations also has a
degenerate mirror image. The interaction energies for the
eleven ~H2O!14 configurations are given in Table V. The con-
figuration identified as the global minimum ~14a! by Wales
and Hodges was also found to be the global minimum at the
EFP, RHF, and MP2 levels of theory. One of the other con-
figurations ~14b! is just 0.2 kcal/mol higher in energy at all
three of these levels of theory. The other nine structures are
0.6–1.7 and 0.7–2.1 kcal/mol higher at the MP2 and EFP
levels, respectively. For the seven lowest energy minima, the
EFP method overestimates the RHF interactive energies by
just 0.5–0.7 kcal/mol. The agreement between the two levels
of theory is even better for the remaining four minima.
The basin-hopping routine was tested on the 14-water
cluster with eight runs from four different starting geom-
FIG. 5. Minimum energy structures of ~H2O!14.
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etries using 600 steps per temperature over the range 300–50
K for a total of 21 000 trial geometries. The following suc-
cess percentages were found: 14a ~25%!; 14b ~25%!; 14d
~25%!; 14f ~12.5%!; and 14i ~12.5%!. Longer simulations
were also carried out. Four runs each were carried out with
1200 and 2400 steps per temperature for totals of 42 000 and
84 000 trial geometries, respectively. In the runs with 42 000
trial geometries, structures 14b, 14c, 14e, and 14f were each
found as the minimum energy structure; in the runs with
84 000 trial geometries, the global minimum structure 14a
was found once, and structures 14b, 14c, and 14d were each
found once.
FIG. 6. Minimum energy structures of ~H2O!16.
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Twenty-four minima are listed in Table VI for the
~H2O!16 system, eight of which were found both by Tsai and
Jordan10 and in this study. While thirteen new minima were
located, three minima reported by Tsai and Jordan were not
found here. The twenty-one structures found in this study are
shown in Fig. 6. Of the twenty-four minima, six are fused-
cube structures, eleven are fused pentagonal-prism struc-
tures, four are fused-cage-cube structures, one is a fused
cube-hexagonal prism, and two are networks. Two previous
TIP4P studies10,11 concluded that the global minimum is the
$(S4)(D2d)(S4)% structure, but five other structures, $(D2d)
3(D2d)(S4)%, $(D2d)3%, $(S4)3%, $(D2d)(S4)(S4)%, and
$(D2d)(S4)(D2d)% found by Tsai and Jordan10 are nearly
isoenergetic, all within 0.1 kcal/mol of the global minimum.
The three fused-pentagonal prism structures, $Ci%, $C1a%,
and $C1b% were found10 to have energies 1.2, 3.5, and 4.0
kcal/mol, respectively, above the TIP4P global minimum. In
this study, the twelve lowest energy structures at the MP2//
RHF level are all within 1.1 kcal/mol of each other. These
include the seven lowest energy structures found in the
TIP4P study10 plus five other fused-pentagonal-prism struc-
tures, four of which are particularly low in energy at one or
more levels of theory: Cie ~RHF and MP2!; Cid ~RHF!; C1c
~RHF!; and C1b8 ~EFP and RHF!. Again, the EFP slightly
overestimates the interaction energy relative to that calcu-
lated at the RHF level of theory by about 1 kcal/mol.
For the ~H2O!16, ~H2O!18, and ~H2O!20 systems, basin
hopping was carried out at thirty-five temperatures with 2400
geometries per temperature for a total of 84 000 trial geom-
etries. For each of these three systems, four simulations were
carried out at each of the four starting geometries for a total
of sixteen production runs. Because of the multitude of low-
lying minima for these systems, evaluating the success of the
basin-hopping method in locating the global minimum was
difficult. For ~H2O!16, the lowest energy structure at the EFP
level, C1b8, was found in only one of the sixteen runs. How-
ever, 75% of the simulations found a minimum within 1
kcal/mol of the global minimum.
The sixteen minima found for the ~H2O!18 system are
listed in Table VIII, and eight of them are illustrated in Fig.
7. The global minimum found by Wales and Hodges,11 a
FIG. 7. Minimum energy structures of ~H2O!18.
FIG. 8. Minimum energy structures of ~H2O!20.
TABLE V. Binding energies in kcal/mol of ~H2O!14.
~H2O!14 TIP4Pa EFP RHF MP2
14a 2139.34 2127.67 2126.97 2165.91
14b 2127.43 2126.74 2165.75
14c 2126.92 2126.18 2165.01
14d 2126.82 2126.31 2165.34
14e 2126.66 2126.03 2164.74
14f 2126.43 2125.79 2164.63
14g 2126.41 2125.79 2164.69
14h 2125.72 2125.69 2164.82
14i 2125.63 2125.65 2164.78
14j 2125.59 2125.24 2164.19
14k 2125.54 2125.56 2164.74
aReference 11.
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structure with three fused prisms ~square, pentagonal,
square! labeled sps-w, was also found to be the global mini-
mum at the EFP, RHF, and MP2 levels of theory ~Table
VII!. The next four lowest energy minima are variations on
this fused structure, while most of the other 18-water clusters
are either distorted variations of this structure or fused cage-
prism structures. The EFP, RHF, and MP2 levels of theory
agree quite well as to the energy ordering. The actual inter-
action energies calculated at the EFP level are in good agree-
ment with the RHF results, the interaction consistently over-
estimated by about 1.5 kcal/mol. The sps-w structure was not
found in any of the simulated annealing runs, but at least one
of the low-lying minima ~within 1.0 kcal/mol of the global
minima! was found in 50% of the production runs.
Table VIII lists the interaction energies for the minima
found for ~H2O!20, and Fig. 8 shows the corresponding struc-
tures. Tsai and Jordan10 identified three nearly degenerate
fused-cube structures for the lowest energy configurations of
~H2O!20, while Wales and Hodges11 found another structure
~p3a! about 1 kcal/mol lower in energy at the TIP4P level of
theory. This structure is over 2 kcal/mol lower in energy at
the EFP and RHF levels of theory, and 1.3 kcal/mol more
stable in the MP2 calculations. Two other low-energy
minima, pps-b and pps-c, are just 0.7 and 0.8 kcal/mol, re-
spectively, above the global minimum at the EFP level. They
were found to be nearly isoenergetic at the MP2 level with
two fused cube structures: the (D2d)4 structure identified as
the global minimum by Tsai and Jordan,10 and (S4)(D2d)3
not identified in the previous studies. Relative to RHF, the
EFP overestimates the interaction energy in the lowest en-
ergy structure by 1.3 kcal/mol and in the fused cube struc-
tures by about 1.5 kcal/mol.
The basin-hopping routine located the global minimum
structure ~p3a! in just one of the sixteen production runs. The
two next lowest minima at the EFP level, pps-b and pps-c,
were both found once, while eleven of the production runs
~69%! found minima within 3 kcal/mol of the global mini-
mum.
IV. CONCLUSIONS
We have found that the interaction energies of water
clusters calculated by the EFP model agree very well ~within
about 1 kcal/mol! with those calculated by the ab initio RHF
method. The only notable exception is for the cyclic and boat
structures for the water hexamer where the EFP underesti-
mates the interaction by about 2 kcal/mol. The EFP tends to
underestimate slightly the interaction for the smaller clusters
TABLE VI. Binding energies in kcal/mol of ~H2O!16.
~H2O!16 TIP4Pa TIP4Pb EFP RHF MP2
(D2d)3 2162.86 2147.82 2146.95 2193.40
(D2d)(D2d)(S4) 2162.87 2147.64 2146.75 2193.23
Cie 2147.98 2147.74 2193.13
(D2d)(S4)(D2d) 2162.77 2147.56 2146.60 2193.02
(S4)(D2d)(S4) 2162.88 2162.81 2147.45 2146.55 2192.94
Cid 2148.25 2147.63 2192.78
(D2d)(S4)(S4) 2162.78 2147.43 2146.40 2192.74
Ci 2161.68 2148.14 2147.61 2192.65
C1c 2148.31 2147.59 2192.62
C1b8 2148.73 2147.73 2192.60
(S4)3 2162.79 2147.32 2146.21 2192.47
C1c8 2147.27 2147.05 2192.33
Cib 2147.68 2147.06 2192.20
~cage!(D2d) 2147.48 2147.04 2191.95
Cic 2146.28 2146.41 2191.79
(D3)(D2d) 2147.80 2147.21 2191.75
(Cage-c)(C1) 2146.97 2146.43 2191.27
C1b9 2147.10 2146.38 2191.21
(Cage-b)(C1) 2146.41 2145.95 2190.75
C1b 2158.88 2145.28 2144.77 2189.55
(Cage-a)(C1) 2145.72 2144.92 2189.41
C1a 2159.37
Network2 2159.17
Network1 2159.06
aReference 10.
bReference 11.
TABLE VII. Binding energies in kcal/mol of ~H2O!18.
~H2O!18 TIP4Pa EFP RHF MP2
sps-w 2184.81 2169.38 2167.89 2220.36
sps-a 2169.16 2167.68 2220.10
sps-b 2169.12 2167.66 2220.08
sps-e 2168.54 2167.22 2219.63
sps-c 2168.63 2167.07 2219.41
dis-sps-b 2169.00 2167.65 2219.38
dis-sps-c 2168.89 2167.42 2219.29
sps-f 2167.66 2166.48 2218.93
dis-sps 2168.27 2166.94 2218.82
sps-d 2167.51 2166.23 2218.40
sps-L 2168.18 2167.08 2218.40
dis-L 2167.94 2167.07 2218.24
sps-g 2167.73 2165.90 2217.89
Network 2167.02 2165.50 2217.17
pp-cage-a 2166.94 2166.39 2217.11
pp-cage-b 2166.36 2166.06 2216.94
aReference 11.
TABLE VIII. Binding energies in kcal/mol of ~H2O!20.
~H2O!20 TIP4Pa TIP4Pb EFP RHF MP2
p3a 2208.65 2191.19 2189.92 2248.39
(D2d)4 2207.87 2188.83 2187.33 2247.04
pps-b 2190.49 2188.72 2247.03
pps-c 2190.42 2188.63 2246.90
(S4)(D2d)3 2188.63 2187.11 2246.88
pps-d 2188.72 2187.90 2246.44
(D2dS4)2 2207.79 2188.35 2186.77 2246.39
p3b 2189.17 2187.97 2246.37
pps-e 2188.99 2187.72 2246.14
pps-f 2189.04 2187.45 2245.68
pps-a 2188.90 2187.31 2245.63
(S4)4 2207.70 2188.12 2186.24 2245.57
Ring 5a 2207.35
Ring 5b 2207.24
Ci 2206.50
Network 2204.52
Cage 2196.79
a 2187.19
b 2187.04
c 2186.55
aReference 10.
bReference 11.
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of 6, 8, and 10 water molecules, while it tends to overesti-
mate slightly the interaction for the larger clusters of 14, 16,
18, and 20 water molecules. For the twelve water clusters,
the EFP overestimates the interaction in the fused cube struc-
tures and underestimates those of the other local minima.
The binding energies calculated at the EFP and RHF levels
of theory are significantly less than those calculated by the
MP2 method for all cluster sizes. An EFP parametrized to
include electron correlation would be expected to reproduce
the MP2 binding energies more closely.
In general, the relative energies predicted by the effec-
tive fragment potential, RHF, and MP2 methods are all in
quite good agreement. For the water hexamer, MP2 and
CCSD~T! relative energies are nearly identical although the
individual MP2 binding energies are too large.
The individual components of the interaction energy ob-
tained with the EFP have facilitated the analysis of the bal-
ance between the number of hydrogen bonds and the strain
in the hydrogen bonds. The anisotropic nature of the electro-
static interaction leads to preferred bond angles in H bond-
ing, and thus makes electrostatics the most important factor
in determining the stability. Increases in the magnitudes of
the polarization and repulsion terms are often the result of
the shorter bond lengths in structures with more favorable
electrostatics. However, the repulsive term is on average
larger whenever the molecules are closer, and thus can be
more important in single prism configurations than in mul-
tiple fused-prism geometries. This renders single prism con-
figurations less stable. Because of the large role that electro-
statics plays in water-water interactions, the EFP can be a
powerful tool in the prediction and analysis of water cluster
structures.
The Parks7 simulated annealing method, while reason-
ably successful at finding the minima in smaller clusters ~less
than six molecules!, is not recommended for larger clusters.
Since all molecules are moved at each step in this method,
unreasonably small intermolecular separations are likely to
occur unless the step size is very small. This severely limits
the performance of the search. Metropolis Monte Carlo is a
better choice although it was not highly successful with the
larger clusters until coupled with local minimizations. How-
ever, the basic Metropolis method might be more successful
for longer simulations. Since the basic method takes much
less time per step than including local minimization at each
step, it should be reasonable to carry out larger simulations
with this method. We have found the basin hopping method
to be very successful at locating the global minima for the
water clusters of sizes 6, 8, and 10, and moderately success-
ful on the clusters of sizes 12 and 14. For larger clusters, the
method found many low-lying minima, but the large number
of such minima makes finding the global minimum a com-
putationally intensive task. Thus, while simulated annealing
using the basin hopping routine is a very powerful tool for
locating low energy minima on a potential energy surface,
longer simulations than have been reported here might be
needed to find lower energy minima for the water clusters
larger than ~H2O!14. Because of the small differences in the
energies of the minima for these clusters, they would rapidly
interconvert at room temperature, and thus using the Monte
Carlo method to obtain properties statistically might be more
useful than focusing on the global minimum. Given the ac-
curacy of the EFP method relative to accurate ab initio cal-
culations, an effective approach to the analysis of larger wa-
ter clusters appears to be a combination of one of the
Metropolis methods with waters represented by the effective
fragment potential.
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